Trace metals such as copper, iron, zinc, and manganese play important roles in several biochemical processes, including respiration and photosynthesis. Using a label-free, quantitative proteomics strategy (MS E ), we examined the effect of deficiencies in these micronutrients on the soluble proteome of Chlamydomonas reinhardtii. We quantified 
The investigation of cellular responses to micronutrient deficiency has provided important insights into the utilization of metals in biochemistry. Copper, iron, manganese, and zinc (denoted by their elemental symbols Cu, Fe, Mn, and Zn, without reference to their ionic state) are among the most widely studied metals, as they are integral to many metabolic pathways and processes. A systematic examination of proteins with known three-dimensional structures belonging to one of 1,371 Enzyme Commission groups (defined as groups of proteins known to catalyze the same reaction) showed that 47% of these proteins require metals, often as part of the catalytic center (1) . Aside from magnesium, which is thought to bind to enzymes only transiently, zinc, iron, and manganese are the three most highly utilized metals by enzymes, and copper is the seventh most utilized (1) . These four metals are of particular importance to plant biochemistry, as they each play a role in photosynthesis. Copper-containing plastocyanin transfers electrons from Photosystem (PS) 1 II to PS I; iron is found in all photosynthetic electron transport complexes, in ferredoxin, and as heme and iron-sulfur centers in many enzymes; manganese is required for the water splitting reaction of PS II; and zinc is utilized by carbonic anhydrases, which help to concentrate inorganic carbon at the site of carbon fixation (2) (3) (4) .
We have used Chlamydomonas reinhardtii, a single-celled alga, as a photosynthetic reference organism for understanding trace metal metabolism (3) . Among other advantages, Chlamydomonas grows in culture in defined medium from which it is straightforward to withhold the nutrient under study. In contrast to other plant models, Chlamydomonas can grow (photo)heterotrophically on acetate as a source of reduced carbon when photosynthetic activity is compromised by mutation or the absence of an essential metal co-factor (5). Chlamydomonas has also emerged as a reference organism for the study of the genetics and genomics of bio-fuel production (6) . Most studies of triacylglyceride (TAG) synthesis in Chlamydomonas have focused primarily on nitrogen-deficiencyinduced TAG overaccumulation (7) , but more recent studies indicate that other stress conditions such as iron and zinc deficiency also result in TAG overaccumulation (8) .
Traditional biochemical and classical genetic approaches have revealed considerable information about responses to micronutrient deficiencies in Chlamydomonas (3) . The copper deficiency response in Chlamydomonas is controlled via the activity of a transcriptional regulator, CRR1 (9, 10) . Examples of CRR1-controlled responses include the replacement of plastocyanin with heme-containing cytochrome c 6 and increases in the abundance and activity of coporphyrinogen oxidase III (a product of the CPX1 gene, often abbreviated to coprogen oxidase, that is involved in tetrapyrrole biosynthesis) and copper uptake proteins Ctr1, Ctr2, and a related soluble protein Ctr3 (11) . Recently, several CRR1-independent changes in transcript abundance in copper-deficient cells were also noted, and many of these overlap with changes that occur in anaerobic Chlamydomonas cells (12) . Specifically, HYD1, HYDEF, HYDG, HCP2, HCP3, and PFR1 transcripts, which are involved in hydrogenase assembly, are increased under both copper deficiency and O 2 deficiency conditions (12, 13) . The proteins that correspond to these transcripts are O 2 labile, and thus it is unclear whether the increase in HYD1, HYDEF, HYDG, HCP2, HCP3, and PFR1 transcripts will actually result in an increase in the corresponding proteins.
As is the case for the copper nutrition regulon, responses to iron deficiency include up-regulation of iron assimilation proteins such as Ftr1 (a ferric ion transporter), ferroxidase (Fox1), Fea1, and Fea2 and elevation of the abundance of ferritins, which are believed to buffer iron released from iron-deficiencyinduced degradation in heterotrophic cells of abundant iron proteins, including ferredoxin, an abundant iron-sulfur protein in chloroplasts, and PS I with three Fe 4 S 4 centers (14 -16). Interestingly, although many PS I proteins are known to decrease under iron limitation (17) , changes in the transcripts of these proteins are not observed (18) . Also, the magnitude of changes in the abundance of iron-containing proteins from iron-deficient/limited cells differs greatly among proteins. For example, ferredoxin is known to decrease substantially in iron-starved cells (15) , whereas the iron-containing superoxide dismutase is only mildly affected, suggesting that some iron-proteins are more dispensable than others (19) . This illustrates the need for proteomics surveys to identify changes at the protein level that are not apparent at the transcript level and to help determine the dispensability of iron-proteins relative to one another.
Manganese-deficient cells have reduced manganese-containing superoxide dismutase (MnSOD1) activity, and in severely deficient conditions PS II activity is reduced as well, so that such cultures require acetate for growth. The oxygen evolving enhancer proteins (Oee1, Oee2, Oee3) appear to be less tightly associated with the thylakoid membrane in this situation and are found in soluble fractions of cell extracts (20) .
Zinc deficiency has not been studied extensively in Chlamydomonas to date. However, recent work has shown that mRNAs encoding COG0523 family proteins, whose functions are unknown but hypothesized to involve metal trafficking, are increased in zinc-deficient growth conditions (21) . Zinc-binding carbonic anhydrases, which interconvert CO 2 and bicarbonate as part of the carbon-concentrating mechanism, are important for photosynthetic function at atmospheric levels of CO 2 . They are decreased in abundance in zinc-deficient cells (22) .
Availability of the Chlamydomonas genome has made possible the initiation of large-scale examinations of changes to the transcriptome and proteome under nutritional deficiency conditions. Prior examinations of the metal-deficient transcriptomes in Chlamydomonas provide excellent examples of the application of the genome data. From these studies, a great deal of information was obtained on the effect of metal deficiency on the abundance of thousands of transcripts (13) . Although transcript levels provide important information, they may describe only a subset of all responses to metal deficiency. For instance, although plastocyanin abundance is decreased dramatically in copper deficiency, the corresponding mRNAs are not (23) . The need for proteome data to close the knowledge gap between responses at the transcript level and responses at the protein level is clear.
Recent advances in proteomics of Chlamydomonas have led to the analysis of various subproteomes, including those from the mitochondria (17, 24) , chloroplast (17) , centriole (25) , eyespot apparatus (26 -28) , anaerobic responsive proteins (29) , high-light responsive proteins (30) , thioredoxin interacting proteins (31) , and others (17, 24 -32) . To date, more than 2,000 Chlamydomonas proteins have been identified via mass spectrometry (MS)-based proteomics techniques. Of special interest are two comparative proteomics studies that examined the iron-responsive proteome of the chloroplast and mitochondria in Chlamydomonas (17) and a study of the heat-shock response in the total soluble proteome (33) . In both studies, stable isotope labeling was used to examine changes in the proteome via the relative quantification of proteins. The iron deficiency study found that proteins involved in photosynthesis were reduced in abundance, whereas major respiratory proteins of the mitochondria either did not change or were increased (17) , but proteins outside the chloroplast and mitochondria were not examined. In the heat-shock study, over 1,100 proteins were quantified from the total soluble lysate, allowing for a more global look at the Chlamydomonas proteome (33) .
In the present contribution, we employed a label-free, absolute quantitative proteomics technique termed MS E on the Chlamydomonas soluble proteome (post-ribosomal supernatant) to further advance our understanding of the effects of micronutrient deficiency. The MS E data-independent scanning mode allows for parallel collection of precursor and product ion data measured by oscillating between high and low energies in the collision cell of a tandem mass spectrometer (34 -37) . The absolute quantification of proteins, as de-scribed by Silva and coworkers, is accomplished with MS E data by utilizing a universal response factor (34) . To our knowledge, this work represents the first absolute quantitative examination of the soluble subproteome of Chlamydomonas. This study allows a quantitative comparison of a large proteomic dataset to a recently published transcriptome (13) , thus providing a means to assess the degree of correlation between RNA and proteins in Chlamydomonas. This study also allows the examination of multiple metal-dependent proteomes, which provides a better understanding of the interrelationship between various metal metabolisms.
EXPERIMENTAL PROCEDURES
Strains and Cultures-Chlamydomonas reinhardtii strain 2137 was grown in Tris acetate-phosphate (TAP) medium at 24°C with shaking (180 rpm) and under continuous light (ϳ50 to 100 mol/m 2 /s, 2:1, cool white:warm white light). For copper deficiency studies, a trace element solution was prepared as described by Quinn and Merchant (38) . Trace element solutions for the manganese nutrition experiments were made as described by Allen et (8) . For each experiment, cells were collected at a density of ϳ3 ϫ 10 6 to 6 ϫ 10 6 cell ml Ϫ1 . For each experimental condition, biological triplicates were grown in separate flasks to account for biological variation among cultures.
Sample Preparation and MS E Analysis-MS E quantitative proteomics measurements were performed as previously described, with slight modifications (13) . In brief, cells were broken via two freezethaw cycles at Ϫ80°C. Insoluble material was removed after centrifugation at 16,000 ϫ g for 10 min at 4°C followed by a second centrifugation at 253,000 ϫ g for 20 min at 4°C. For each sample, ϳ30 g of protein was separated via denaturing gel electrophoresis (4% to 12% NuPage Bis-Tris gels; Invitrogen) and visualized via Coomassie blue staining (Bio-Rad). Each gel lane was divided into ϳ3 mm bands, and individual bands were subjected to in-gel trypsin digestion (sequencing grade modified trypsin; Promega, Madison, WI). Tryptic peptides were extracted into 50/50 water/acetonitrile solution containing 2.5% (v/v) formic acid and lyophilized. Peptides were then resuspended in a 1% formic acid solution containing 25 fmol/l bovine serum albumin (BSA) trypsin digestion standard (MassPREP BSA Digestion Standard; Waters Corporation, Milford, MA).
The peptides were analyzed as described elsewhere (13) using an ultra-performance liquid chromatography (UPLC) system (Waters nanoAcquity UltraPerformance UPLC) coupled to a Waters Xevo quadrupole time-of-flight mass spectrometer. Peptides were separated via UPLC with a 5 m Symmetry C 18 180 m ϫ 20 mm reversedphase trap column in-line with a 1.7 m BEH130, 75 m ϫ 100 mm reversed-phase C 18 analytical column. Peptides were eluted using a 60 min 3% acetonitrile/0.1% formic acid to 40% acetonitrile/0.1% formic acid gradient at a flow rate of 0.3 l/min to the electrospray ionization (ESI) mass spectrometer. [Glu 1 ]-Fibrinopeptide B was used as a mass calibration standard (100 fmol/l) and was infused via a separate ESI sprayer, and the standard peptide was measured at 1 min intervals during the LC-MS experiment. The LC-mass spectrometer was operated in the MS E data independent acquisition mode (34, 35, 37) . The collision energy was continually switched between low (6 eV) and elevated energy (ramped from 15 to 40 eV) during alternating scans (m/z 50 -2,000). The correlation of product ions to precursor ions was achieved by using reconstructed retention times (i.e. alignment of LC retention times of the precursors and products) and chromatographic peak shapes. To ensure adequate coverage of the proteome from each band, at least two 1 l replicate injections from each gel band were analyzed via LC-MS. Database Searches-Protein Lynx Global Server (PLGS version 2.4; Waters) was used to process the LC-MS raw data and determine protein identification and quantification. The quantification of protein levels was achieved via the addition of an internal protein standard (BSA trypsin digest standard) to which the data set was normalized (34, 35, 39) .
The MS data were searched using the PLGS algorithm described by Li and coworkers (40) . Briefly, the calibrated mass spectra are centroided, de-isotoped, and charge-state-reduced to yield a monoisotopic mass for each peptide and its tentatively associated product ions. The direct correlation of a precursor ion and a potential product ion is initially achieved through the alignment of drift times, followed by a further correlation process during the database searching that is based on the physicochemical characteristics of peptides when they undergo collisionally activated dissociation. Searches were limited to trypsin proteolysis fragments, and peptide precursor and product ion mass tolerances were set to 20 ppm and 40 ppm, respectively. Other search parameters included the minimum number of peptide matches (1), minimum number of product ions per peptide (2), minimum number of product ions per protein (2) , maximum number of missed tryptic cleavage sites (2) , and maximum false positive rate for identification (4%) (40) . Carbamidomethylation of cysteine residues was set as a fixed modification, and methionine oxidation, asparagine and glutamine deamidation, and N-terminal acetylation were set as variable modifications. Additional stringency was applied to the data by requiring that a protein be detected in at least two different conditions in order to be considered identified and be observed in two of three biological replicates in each condition in order to be considered quantifiable. The average abundances of proteins are thus based on two or three different measurements.
Three different Chlamydomonas gene model sets are presently in use and are based on two different genome assemblies. For each of the two assemblies, there are multiple gene model predictions. The catalogue track contains the best gene model at each locus as determined by users or by automated annotation. Catalogue track gene models from the version 3 genome assembly are called FM3.1 models (14,723 entries), and catalogue track gene models from the version 4 assembly are called the FM4 (16,837 entries) and Augustus 10.2 (Au10.2) model sets (17,430 entries). The Au10.2 set represents a new set of gene models predicted by an algorithm separate from that used for deriving FM3.1 and FM4. MS data were searched against each of the three Chlamydomonas protein databases modified by the replacement of some catalogue models with individual user-curated models and supplemented with sequences for keratin, trypsin, BSA, and chloroplast and mitochondrial proteins from the National Center for Biotechnology Information. Quantification was determined using up to the three most abundant shared peptides as described by .
Identifications from FM3.1 and FM4 databases were converted to Au10.2 identifiers by mutual best blast hits using the Algal Functional Annotation Tool (41) . All quantifications reported were derived from Au10.2 database searches, with one exception. Because Au10.2 and FM3 were based on different genome assemblies, it is possible that proteins detected in FM3 searches do not exist in the Au10.2 database. Thus, identifications unique to FM3 (vide infra) were maintained in the dataset. All other proteins not identified in Au10.2 searches were not examined further.
Functional Analysis-Proteins were separated into subgroups based on whether they showed a statistically significant (p Ͻ 0.05 by Student's t test) increase or decrease of at least 2-fold in magnitude of a protein in the metal deficiency condition. Proteins that were detected in only one of the conditions could not be assigned statistical significance and were included in the analysis only if their abundances were over 20 zmol/cell. In the case of manganese and iron deficiency studies, we focused on differences observed between the metal-replete condition and the metal-limited (0 M Mn and 0.25 M Fe) conditions. Protein lists were analyzed using the "Enriched Ontology Terms" function of the Algal Functional Annotation Tool (41) . Proteins that could not be clustered using this function were manually investigated and grouped based on their Au10.2 annotations.
Functional categories were based on those utilized by Karpowicz et al., with slight modifications (42) . The "pigments" category was expanded to include other co-factor metabolism components such as folate, quinone, tocopherol, iron-sulfur centers, thiamin, and molybdenum co-factor. This new grouping was renamed "secondary metabolites and co-factors." It should be noted, however, that the "secondary metabolites and co-factors" do not include proteins that bind or utilize co-factors; rather, they are proteins involved in the degradation, synthesis, or insertion of co-factors. All other categories remained with similar classification rationale applied. "Protein metabolism" included any enzyme involved in protein or amino acid synthesis, degradation, or modification. "Nucleic acid metabolism" referred to any protein involved in nucleotide synthesis/degradation, DNA or RNA binding, and transcriptional regulators. "Photosynthesis" was related to proteins involved in the photosynthetic apparatus and the carbon-concentrating mechanism. "Transport" included any transport proteins, channels, or assimilation factors that interact directly with transporters. "Redox" proteins are involved in electron transfer (not including photosynthetic proteins) and other reduction/ oxidation reactions. "Signaling" included kinases, sensory proteins, and factors involved in signal transduction. The "lipid metabolism" category included proteins involved in fatty acid, membrane, and storage lipid synthesis, degradation, and membrane trafficking. "Carbohydrate metabolism" included proteins related to sugar or starch synthesis and/or degradation including glycolysis/gluconeogenesis. "Cell cycle" referred to proteins that are involved in cell development and cell division. "Other" proteins were those with functions not related to the categories described here. "Unknown" included proteins with no known function.
Protein Expression and Purification and Antibody Production-The CGL78/YCF54 expression construct was generated using nested PCR and the Gateway recombinational cloning system (Invitrogen, Carlsbad, CA) as described elsewhere (43) . The segment of A. thaliana CGL78 (At5g58250) encoding amino acids S73-V211 was amplified from the cDNA clone U63260 (ABRC) using Phusion polymerase (New England Biolabs, Ipswich, MA). The forward primer (CGL78.S73.For.) added a 5Ј extension encoding a tobacco etch virus (TEV) protease cleavage site, and the reverse primer (CGL78.V211.Rev.) added a C-terminal hexahistidine tag followed by a stop codon. This initial PCR product was then amplified using a second set of primers (PE-277 and PE-278) to introduce AttB1 and AttB2 recombination sites. The final PCR product was gel purified and recombined into the donor vector pDONR201 and subsequently into the expression vector pKM596 (43) to produce a His-tagged maltose binding protein fusion. The expression construct was checked via DNA sequencing (Genewiz, South Plainfield, NJ).
The expression plasmid was transformed into E. coli BL21-Gold (DE3) cells (Novagen, EMD Chemicals, Billerica, MA) harboring pRK603, an expression vector for the TEV protease. Cells were grown at 37°C in LB supplemented with ampicillin (100 g/ml) and kanamycin (30 g/ml) to an OD 600 of 1.0, at which point the temperature was shifted to 18°C and protein expression was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside (IPTG) to a concentration of 1 mM. Cells were left to grow overnight and were harvested via centrifugation the following day. The cell pellet was resuspended in lysis buffer (50 mM Tris/Cl pH 8.0, 300 mM NaCl, 10% glycerol, 20 mM imidazole) supplemented with protease inhibitor mixture (Sigma), 100 M PMSF, DNase, lysozyme, and 10 mM ␤-mercaptoethanol and broken using a French press. The lysate was clarified via centrifugation (35,000 ϫ g, 30 min, 4°C), and the supernatant was incubated with nickel-nitrilotriacetic acid agarose beads (Qiagen, Valencia, CA) for 60 min at 4°C. The beads were washed extensively with lysis buffer, and bound protein was eluted with 300 mM imidazole in lysis buffer. CGL78 was further purified via size exclusion chromatography using a HiLoad Superdex S-200 column (GE Healthcare) equilibrated with 50 mM Tris/Cl pH 8.0 containing 300 mM NaCl and 10% glycerol. Peak fractions were analyzed via SDS-PAGE, and those containing pure CGL78 were pooled and concentrated. The purified protein was used directly for antiserum production in rabbits (at Agrisera AB, Vä nnä s, Sweden, and the antibodies are available from the vendor).
A synthetic codon-optimized ZCP2 gene (Genscript, Piscataway, NJ) was cloned NdeI-XhoI in pET28b (Novagen) to allow expression of ZCP2 as a fusion protein with an N-terminal hexahistidine tag. The expression construct was checked via DNA sequencing (Genewiz).
The ZCP2 expression plasmid was transformed into E. coli BL21-Gold (DE3) cells (Novagen). Cells were grown at 37°C in Terrific Broth supplemented with kanamycin (30 g/ml) and glucose (20 mM) to an OD 600 of 1.0, at which point the temperature was shifted to 18°C and protein expression was induced by addition of IPTG to a concentration of 1 mM. Cells were left to grow overnight and were harvested via centrifugation the following day. The cell pellet was resuspended in supplemented lysis buffer (see above) and broken by means of sonication. The crude lysate was clarified via centrifugation (35,000 ϫ g, 30 min, 4°C), and the supernatant was loaded onto a HisTrap Ni 2ϩ chelation affinity column (GE Healthcare) equilibrated with Buffer A (20 mM Tris/Cl pH 8.0, 1 M NaCl, 10% glycerol, 10 mM imidazole). The column was washed extensively with Buffer A, and the target protein was eluted with a linear gradient of imidazole (10 -300 mM) in this buffer. The eluted protein was concentrated and purified further via size exclusion chromatography using a HiLoad Superdex S-200 column (GE Healthcare) equilibrated with 20 mM Tris/Cl pH 8.0 containing 1 M NaCl and 10% glycerol. The fractions containing ZCP2 still contained numerous impurities as determined via SDS-PAGE, so selected fractions were pooled, dialyzed against 20 mM Tris/Cl pH 8.0 containing 100 mM NaCl and 10% glycerol (Buffer C), and loaded on a Q-Sepharose column (GE Healthcare) equilibrated with this buffer. Bound proteins were eluted with a linear gradient of NaCl (0.1-0.5 M) in Buffer C. Fractions were analyzed via SDS-PAGE, and those containing pure ZCP2 were pooled and concentrated. The purified protein was used directly for antiserum production in rabbits (service provided by Covance Inc., Denver, PA).
Immunoblot Analysis-Immunoblot analysis for Cgl78/Ycf54, coprogen oxidase, ferredoxin, and plastocyanin was performed as described elsewhere (11); for Cgl78/Ycf54, SDS was omitted from the transfer buffer, and the transfer time was reduced to 45 min. Primary antibodies were used at the following dilutions: anti-Cgl78/Ycf54 (1:1,000), anti-coprogen oxidase (1:1,000) (44), anti-ferredoxin (1: 1,000), and anti-plastocyanin (1:1,000). Plastocyanin was also immunodetected via chemiluminescence as described elsewhere (15) using primary antibody at a 1:1,000 dilution in blocking buffer.
Transmembrane Domain Prediction-A hidden Markov model based algorithm, TMHMM, was used to predict the presence of transmembrane domains in the Chlamydomonas proteome (45) . The algorithm was accessed via the Web site of the Center for Biological Sequence Analysis.
RESULTS

Chlamydomonas Cultures Showed Clear Phenotypes for
Metal Deficiency-For each deficiency situation, we validated the establishment of deficiency and the physiology of the culture based on phenotype and the expression of sentinel genes as noted in previous studies (18, 20, 46) . In each case, we noted a pattern of growth essentially identical to those described previously for each condition (18, 20, 46) (Fig. 1) . The accumulation of plastocyanin in the copper-replete cells combined with its absence in the copper-depleted cells and the presence of ferredoxin in iron-replete cells versus its reduced abundance in the iron-depleted cells (Figs. 1A and 1B, respectively) are consistent with previous reports (15, 23) . Proteins were then isolated from each condition, separated via gel electrophoresis, and identified and quantified as described in the "Experimental Procedures" section.
Au10.2 Gene Model-based Protein Database Outperforms FM 3.1 and FM 4
Databases-Three different gene models (FM 3.1, FM4, and Au10.2), based on two genome assemblies, are available. Because protein sequence data were not considered in the generation of these gene model sets, we reasoned that proteomics data could provide an independent means to assess the accuracy of each gene model set. To determine which gene model set was best, we systematically compared results from each database qualitatively and quantitatively.
In general, protein quantifications were not significantly affected by our sequence database selection (Table I) . Fewer than 6% of all proteins measured showed a significant difference in their abundances when analyzed using Au10.2, FM3.1, or FM4 gene model set databases. The average change in abundance arising from database selection was found to be less than the biological variation among replicates (Table I) . Thus, database selection does not affect whether a protein shows a statistically significant difference between growth conditions. Also, the qualitative examination of protein identifications determined in the three database searches showed a large overlap. Fig. 2 indicates that there is ϳ75% to 80% overlap in the identified proteins from each of the three databases across the four metal deficiency experiments. Despite the similarities, in three out of four cases, Au10.2 provided ϳ10% more identifications on average than FM4 and 16% more than FM3.1. Considering this, it seems that the Au10.2 gene model sets outperform both FM3.1 and FM4 databases, and this suggests that Au10.2 provides the most accurate gene models of those considered. As a result, we chose to use the Au10.2 model for the full analysis of the proteomics data. In addition, because the FM3.1 model arises from a different assembly, we acknowledge that it contains gene models that do not exist in any version 4 assembly model set. Therefore, if a protein was uniquely identified using the FM3.1 database, it was retained in our study.
Overview of Proteomics Data-Over 2,000 proteins were identified among all of the metal deficiency studies (Table II,  supplemental Table S6 ). Because we required that a protein be detected in at least two of three biological replicates in each study, the number of high-confidence proteins identified was reduced to ϳ1,000 on average, ranging from over 1,200 in the copper study to slightly less than 900 identified in our manganese study, which is on a scale similar to other large proteomes published on Chlamydomonas. We compiled a list of all proteins detected in at least three out of four of our control growth conditions (replete for all metals) and determined the average abundance for each protein in this list. The measured abundances of proteins showed a dynamic range of 3 to 4 orders of magnitude (Fig. 3A) , which is consistent with other dynamic range estimates using the label-free MS E proteomics strategy (39) . A representative plot showing the mean abundance of all proteins in a dataset, along with a cutoff of 1 standard deviation, shows that ϳ80% of the proteins did not show a statistically significant change in abundance in response to nutritional deficiency (Fig. 3B) . Furthermore, 80% of the proteins showed a relative standard deviation in abundance of less than 25%, with an average relative standard deviation of 18% throughout the whole dataset (Fig. 3C ). We also examined reproducibility by plotting the fold change against the average abundance (Fig. 3D ). In general, data from all four experiments show good reproducibility, with less variation observed for highly abundant proteins. The average coefficient of variance of each dataset ranged between 0.28 and 0.30 (vide infra). This compares favorably to other label-free techniques, such as the Exponentially Modified Protein Abundance Index, which has an error of ϳ60% (47).
Our criteria were that the difference in protein abundance between growth conditions must be statistically significant (p Ͻ 0.05 by Student's t test) and at least 2-fold or greater in magnitude in order to define a change in protein abundance.
It should be noted that we maintained some proteins in our analysis that did not show a 2-fold change. This was done only if the change in protein abundance was statistically significant and if changes to the abundance of the protein in question helped to provide additional insight into the effect of the metal deficiency on a pathway. Instances in which this was done are clearly indicated in supplemental Tables S1-S4.
Additionally, proteins that were detected in only one of the conditions could not be assigned statistical significance and therefore were included in the analysis only if their abundances were over 20 zmol/cell. We also included some proteins previously examined as part of a copper deficiency transcriptome study (13) in our analysis for completeness. Based on these criteria, we identified 204 proteins that changed in abundance under copper deficiency, 184 in iron limitation, 222 in zinc deficiency, and 270 in manganese limitation, suggesting that only 20% of proteins analyzed changed in our deficiency studies. The proteins that changed under each condition were distributed among several functional categories, with the "protein metabolism" and "unknown" categories being the most well represented (Fig. 4) . We estimated our false discovery rate by randomly permuting the data 1,000 times and comparing the number of changes observed in the permutated runs to the number of changes in the real experiment. Using this method, we estimated a 20% false discovery rate in determining when a change in abundance occurred for our data.
Using TMHMM, we examined the prevalence of transmembrane domains in our proteomics dataset. The TMHMM method, when tested on a set of 645 proteins with known three-dimensional structures, was able to accurately discriminate between soluble and membrane proteins with an accuracy of 99% (45) . In our dataset, between 5% and 6% of all proteins in each study were found to contain at least a single   FIG. 2. FM3.1, FM4, transmembrane domain; this is in comparison to the 18% of all proteins in the genome with a single transmembrane domain. This suggests a good degree of enrichment of soluble proteins in our sample, as expected from the experimental design. However, some membrane-associated proteins that are important to metal homeostasis in Chlamydomonas are still detectable in our study. For example, ferroxidase is a copper-containing protein involved in high-affinity iron uptake that has a single transmembrane domain between amino acids 47 and 68 (48) . We detected several peptides from this protein in our study, suggesting that some degradation occurs during processing that allows us to estimate the abundance of the protein despite it being membrane bound.
As an additional method to assess the accuracy of our quantification measurements, we examined the stoichiometry of proteins from the same complex. We examined the Rubisco large and small subunits, the 20S proteasome ␣ subunit complex, and the CF 1 ATP synthase ␣ and ␤ subunits; these represent a highly abundant soluble complex, a lowabundance soluble complex, and a membrane-associated complex, respectively. Each of the subunits in these complexes should be present in a 1:1 ratio with the other proteins from the same complex mentioned in this assessment (49 -51) . In general, we observed good agreement between the expected and experimentally determined ratios (Table III) .
Validation of Protein Abundance Changes-We compared our quantitative proteomics data to previously published work describing several known responses to each micronutrient deficiency condition. We focused on proteins that are either primarily localized to the soluble fraction or, in the case of the oxygen evolving enhancer proteins (Oee), easily solubilized from the membrane-associated fraction. Of the proteins selected, we observed agreement in the direction of the change Bottom: the top 15 most abundant proteins were identified and are, from left to right, eukaryotic translation elongation factor 1 ␣ 3 (Cre06.g263450), eukaryotic translation elongation factor 1 ␣ 2 (132905), ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (41179049), isocitrate lyase (Cre06.g282800), fructose-1,6-bisphosphate aldolase (Cre05.g234550), S-adenosyl homocysteine hydrolase (Cre03.g204250), cobalamin-independent methionine synthase (Cre03.g180750), 2-cys peroxiredoxin (Cre06.g257601), glyceraldehyde-3-phosphate dehydrogenase (Cre01.g010900), enolase (Cre12.g513200), pre-apoplastocyanin (Cre03.g182551), ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (108283), oxygen-evolving enhancer protein 2 (Cre12.g550850), phosphoenolpyruvate carboxykinase (Cre02.g141400), and unnamed protein (Cre12.g528000). B, representative plot of the ratio of protein abundance between copper-deficient and copper-replete cells. Roughly 20% of the data lie outside 1 standard deviation, and only 5% of data lie outside 2 standard deviations. C, histogram of the relative standard deviation (RSD). The average %RSD was 18%. D, representative mean difference scatterplots after pooling biological replicates from metal-deficient and metal-replete conditions. in 19 of 20 instances across the four different metal deficiency conditions examined (Table IV) . Four metal nutrition-dependent changes in protein abundance that had not been previously demonstrated in Chlamydomonas were corroborated by means of immunoblot analysis (Fig. 5) . The proteins selected for this validation included Zcp2 (in the zinc study), Cgl78 (in the copper study), MnSOD3 (in the iron study), and plastocyanin (in the iron study) and are described in more detail in the sections below. It should be noted that the immunoblot results were from samples that are independent of the samples used for proteomics, thus validating the reproducibility of the biology.
RNA and Protein Abundance Correlations Are Similar to Those Noted for Other Organisms-Taking advantage of the availability of both a large proteomics dataset and a recently published transcriptomics dataset (13), we sought to determine the level of correlation between RNA and protein abundance under standard growth conditions (for the dataset acquired from the copper nutrition study). We assessed the correlation between protein and RNA abundance by calculating the Pearson correlation coefficient () of the data, where a of ϩ1 represents a perfect positive linear relationship; ϭ ϩ0.30 was calculated for our protein-RNA abundance data for the copper study (Fig. 6, top) . To minimize the effects of noise and the dynamic range differences between the transcriptomics and proteomic datasets (5 to 6 orders of magnitude and 3 to 4 orders of magnitude, respectively) and the differences in vivo, the data were binned as described by Lu et al. (52) and as shown in Fig. 6 (bottom) . We also determined the Pearson coefficient between the proteomic and transcriptomics datasets for our copper-deficient samples and found a similar correlation ( ϭ ϩ0.28), suggesting that this overall correlation is not dependent on the nutritional state. However, transcripts that changed significantly under copper deficiency showed a much stronger correlation to their corresponding proteins ( ϭ ϩ0.73). This behavior is similar to that observed in an earlier study with Drosophila in which the correlation between the change in protein and transcript abundance im- Rubisco large subunit, CF 1 ␣, and 20S proteasome ␣ subunit C were used as the reference for each protein complex, respectively. Subunit ratios between all proteins within each complex are expected to be 1:1.
proved when limiting the dataset to include only transcripts that changed significantly (53) . These results suggest that although RNA abundance is only a moderate predictor of protein abundance, changes in RNA abundance are often good indicators of changes in protein abundance.
Copper Responsive Proteome-In Chlamydomonas, there are three abundant copper enzymes: plastocyanin, which is involved in photosynthetic electron transfer between the two photosystems and is the most abundant copper-protein in Chlamydomonas; cytochrome oxidase, which is utilized in respiration; and ferroxidase, which is involved in high-affinity iron assimilation. In addition, copper is also found in matrix metalloproteases, in amine oxidases, in blue copper proteins, as a transitory place-holder for molybdenum in MoCo biosyn- thesis enzymes, and in a variety of other proteins (3, 13, 54) . Chlamydomonas can survive copper deficiency (Fig. 1A) because of its ability to replace plastocyanin with cytochrome c 6 , a copper-independent substitute (23) . In addition, a copper-containing amine oxidase may be replaced by a flavincontaining amine oxidase (13) . These and other responses to copper deficiency are controlled by the transcription factor CRR1 (9) .
Previously, we examined responses to copper deficiency at the transcript level (13) and used proteomics data to validate some of the copper nutrition-dependent changes. We found that 17 of 18 changes observed at the transcript level were recapitulated in the proteome (supplemental Table S1 ). Here we summarize some of those previous findings and describe additional changes at the protein level. These additional changes either complement changes observed at the transcript level or demonstrate responses that were not observed based on transcriptome analysis alone.
Recent transcriptome studies have revealed that there is a copper-deficiency induced increase in the abundance of HYD1, HYDEF, HYDG, HCP2, HCP3, and PFR1 transcripts, which are related to anaerobic responses (12, 13) . Proteins that correspond to these transcripts, however, cannot function in aerobic conditions because their active site clusters are O 2 labile. We hypothesized in prior work that these transcripts are mis-expressed because copper deficiency results in faulty O 2 sensing (13). Therefore, we asked the question of whether the increase in transcript levels also resulted in the accumulation of these proteins. We were able to detect three of these gene products-Hyd1, Pfr1, and Hcp2-and found that they were all increased under copper-deficiency conditions. This shows that the expression of these proteins is controlled at the level of their transcript abundance, regardless of whether the protein can actually function in these conditions. Another subset of anaerobically controlled genes that are also copper regulated encodes prolyl 4-hydroxylases (55) . Transcriptome evidence also indicated that five genes for prolyl 4-hydroxylases showed increased expression in copper-deficient conditions, of which four are CRR1 targets. We examined the proteome to uncover any evidence of copper responsiveness of prolyl 4-hydroxylases at the protein level. Although we could not detect any of the gene products from the five copper-responsive genes listed in the previous study, we identified three other prolyl 4-hydroxylases (Phx7, Phx13, and Phx18) whose abundances are increased under copper-deficient growth conditions (Table V) . However, an accurate magnitude of the change could not be assessed because the proteins were detected only in copper-deficient conditions, and only one of them, Phx18, accumulated to a level that met our cutoff criterion of 20 zmol/cell (see "Experimental Procedures"). Nevertheless, this study indicates the operation of post-transcriptional mechanisms that impact prolyl hydroxylases in Chlamydomonas reinhardtii in addition to the previously described transcriptional response.
The expression of genes CPX1, CRD1, and CAO for three enzymes in the tetrapyrrole pathway is increased with copper deficiency (13, 56, 57) . In the present study, only the CPX1 gene product was detected, as the other two proteins are membrane associated (57) . The abundance of coprogen oxidase increased, in accordance with a prior study that demonstrated increased enzyme activity and immunoreactive material (Table II) (56) . In addition to coprogen oxidase, we also observed changes to three other enzymes of the tetrapyrrole biosynthetic pathway: urogen decarboxylase isoforms 1 and 2, and PBG deaminase 1 (Cre11.g467700, Cre02.g076300, and Cre16.g663900, respectively) (supplemental Table S1 ). In copper deficiency, we observed a decrease in isoform 1 of urogen decarboxylase but an increase in isoform 2. A total of three well-expressed genes encode urogen decarboxylase isozymes, but the pattern of expression of each gene is not known, nor is it known whether there are functional differences in the corresponding gene products. It is possible that this represents a compensatory change and thus is the first indication of how the urogen decarboxylase isozymes might be regulated relative to each other. Again, these findings suggest that in addition to CRR1-dependent transcriptional mechanisms that impact tetrapyrrole metabolism, there are also mechanisms that operate post-transcriptionally. Besides our results relating copper nutrition and anaerobiosis and the effect of copper on tetrapyrrole biosynthesis, we observed three additional effects of copper deficiency in Chlamydomonas. One such effect was a decrease in copper deficiency of three isoprenoid pathway enzymes (supplemental Table S1 )-Pps1, Pps2, and Pps4 -that are responsible for the synthesis of farnesyl pyrophosphate, geranylgeranyl pyrophosphate, and solanesyl pyrophosphate, respectively. Pps1 was decreased 2-fold, Pps2 was decreased 3-fold, and Pps4 was not detected (less than 1.7 zmol/cell) in copperdeficient cells. These enzymes are involved in pathways leading to the synthesis of sterols, quinones, phytol, and prenylated proteins. It should be noted that these proteins are believed to be membrane associated, and therefore it is difficult to determine whether a decrease in these proteins represents an actual decrease in their total abundance or results from altered association with the membrane, perhaps due to increased isoprenoid pathway activity. A second observation in copper deficiency was the decrease of two enzymes in the S-adenosylmethionine (SAM) biosynthesis pathway, 5,10-methylenetetrahydrofolate reductase (from 293 zmol/cell to 180 zmol/cell) and cobalamin-independent methionine synthase (from 999 zmol/cell to 525 zmol/cell) (Cre10.g433600 and Cre03.g180750, respectively). At the same time, a third member of the pathway, serine hydroxymethyltransferase isoform 1, was increased 3-fold (supplemental Table S1 ). These results are interesting because the accumulation of another enzyme in the pathway, S-adenosylhomocysteine hydrolase, had been previously shown to be copper dependent, and copper is a non-competitive inhibitor of the enzyme in mouse liver (58, 59) . Although S-adenosylhomocysteine hydrolase was detected in our proteomics study, we did not observe a change in its abundance, which contrasts with results from the mouse model. Lastly, our proteomics study also showed that two selenocysteine tRNA synthases (encoded by TSS1, Cre02.g082850 and TSS2, Cre03.g189400) and a selenium binding-protein (SBD1, Cre03.g185550) are decreased in copper deficiency by ϳ2-fold (supplemental Table S1 ). Previous studies have shown that selenium-containing glutathione peroxidase activity levels are reduced in copper-deficient rats and chicken relative to animals given a copper-replete diet (60, 61) . In the rat study, it was further shown that this might have resulted from a reduced ability to retain selenium in the cell (61) . Although the connections between copper and selenium metabolism have not been established firmly in algae, these data suggest that there might well be one in Chlamydomonas.
Iron Responsive Proteome-A prior study of iron deficiency in Chlamydomonas detailed three distinct nutritional states (18) . With but are identified by increases in the expression of several genes encoding components of high-affinity iron uptake (48) . In addition to these biochemical markers, iron-limited Chlamydomonas cells are chlorotic and growth inhibited (18) . Fluorescence rise and decay kinetics indicate that the irondeficient cultures are mildly affected with respect to PS I function, whereas iron-limited cells have lost PS II and PS I function (18) . To assess the changes to the proteome of cells in these nutritional states, we compared the proteome of wild-type cells grown photoheterotrophically in the presence of 20 M, 1 M, and 0.25 M supplemental iron and collected from batch cultures at a density of ϳ5 ϫ 10 6 cells/ml. Growth of the cells was found to be similar to what was previously reported (18) , and the accumulation of ferredoxin also closely followed values in the published literature (15) (Fig.1B) .
One of the most apparent effects of iron deficiency/limitation in Chlamydomonas is that on the photosynthetic apparatus (17, 18, 62) . Other studies describe a remodeling of PS I, in which light harvesting complexes are disconnected from photosystem components (18) , and previous proteomics study showed that there was also a decrease in several photosystem I and light harvesting complex proteins (62), but little change was observed for proteins involved in respiration or related to PS II function (17) . These earlier studies, however, were limited to the examination of enriched chloroplast fractions with no evaluation of iron-deficiency/limitation-induced effects on metabolism and/or the entire system. Our study demonstrates additional effects of iron deficiency/limitation that have not been described previously.
Interestingly, functional analysis showed that a large subset of proteins classified under the "photosynthesis" category is decreased in abundance (Fig. 4, supplemental Table S2 ). This included LciB (Cre10.g452800) and LciC (Cre06.g307500), representing components of inorganic carbon assimilation; plastocyanin (Cre03.g182551), Oee1 (Cre02.g132800), and Oee3 (Cre08.g372450), proteins associated with light reactions; and Calvin cycle enzymes Pgk1 (Cre22.g763250) and Prk1 (Cre12.g554800). Many of the changes to these proteins are ϳ2-fold (Oee1, Pgk1, and Prk1) or 3-fold (LciB and Oee3). LciC was detected at 41 zmol/cell in iron-replete cells, but it was not detected in iron-limited cells. Plastocyanin was reduced significantly from 797 zmol/cell in iron-replete conditions to 25 zmol/cell in iron-limited conditions, a change that was confirmed by immunoblot analysis of independent samples (Fig. 5) . These results indicate that the previously noted changes in thylakoid membrane protein abundance extend also to stromal and lumenal proteins of the photosynthetic apparatus (17, 63) . It is worth noting that only Oee3 and Prk1 decrease under iron deficiency (1 M Fe), and even then less than a 2-fold change was observed relative to iron-replete cells (20 M Fe). All other proteins described above were decreased only under iron-limitation conditions (0.25 M Fe). Therefore, it is likely that the Calvin cycle, carbon-concentrating mechanism (CCM), and light reactions are affected only when the cells are growth-limited by the absence of Fe.
Previously, we demonstrated that changes in the abundance of thylakoid membrane proteins resulted from induced proteolysis (18) . Consistent with this earlier result, four proteases were found whose abundance increased in iron deficiency/limitation, including two matrix metalloproteases (isoforms 1 and 13, Cre17.g718500 and Cre60.g792000, respectively), a pepsin-type aspartyl protease (Cre04. g226850), and an unnamed protease (Cre17.g728100) (supplemental Table S2 ). Reduced protein synthesis is likely to be a contributing factor, as we noted a decrease in 11 amino acid metabolism proteins and seven tRNA synthetases (supplemental Table S2 ). There also was a concomitant decrease in the abundance of urogen decarboxylase isozyme 1, PBG deaminase 1, and coprogen oxidase; all three are enzymes in the tetrapyrrole pathway, and this is consistent with the reduction in chlorophyll and heme proteins in this condition. This might occur as a flux control step so that iron can be preserved for other purposes such as oxidative stress defense in iron-containing superoxide dismutase.
Because PS I is a prime target of iron deficiency because of the presence of three Fe 4 S 4 clusters, its compromised function in this situation is likely to result in elevated superoxide production via the Mehler reaction (18, 62) . Superoxide generated by iron-less PS I may be detoxified via a plastidlocalized MnSOD, with the resulting hydrogen peroxide further detoxified by peroxidases, which rely on either glutathione or ascorbate. Monodehydroascorbate reductase functions to regenerate ascorbate from monodehydroascorbate. In fact, the ascorbate-glutathione pathway has been proposed as a major detoxification pathway of superoxide (64) . An iron-deficiency/limitation-inducible MnSOD activity has been previously observed and attributed to MnSOD3, based on the accumulation of the MSD3 transcript under the same conditions and immunoblotting with an MnSOD3-specific antibody (19, 20) . Not surprisingly, chloroplast anti-oxidant mechanisms are up-regulated in the iron-deficient/limited stress situation. MnSOD3 is undetectable in iron-replete cells, but its levels increase to 10 zmol/cell in iron-deficient cells and 73 zmol/cell in iron-limited cells (Fig. 5) . Our protein data therefore support the association of inducible superoxide dismutase activity to MnSOD3 levels (Fig. 5) . Similarly, monodehydroascorbate reductase 1 increases from 70 zmol/cell to 224 zmol/cell to 1,234 zmol/cell, and glutathione synthetase 1 increases from 34 zmol/cell to 45 zmol/cell to 95 zmol/cell (from iron replete to iron deficient to iron limited, respectively) (supplemental Table S2 ).
In addition, Hsp 70B (supplemental Table S2 ), a protein that has been previously shown to act as a photoprotectant and which is involved in PS II repair in Chlamydomonas, increases in iron-limited cells to 1,216 zmol/cell from 466 zmol/cell in iron-replete cells (30, 65) . Schroda et al. showed that strains over-expressing Hsp 70B had reduced rates of PS II photo-inhibition and that Hsp 70B under-expressing strains showed slower rates of PS II repair relative to wild-type (65) . Although iron-limited cells prepare for photooxidative damage via PS I remodeling, it is noteworthy that additional mechanisms may be employed. Interestingly, although two components of the ascorbate-glutathione pathway (monodehydroascorbate reductase and MnSOD3) are increased already in iron deficiency, changes in the abundance of Hsp 70B do not occur until iron-limitation conditions are sensed. This might further suggest that the ascorbate-glutathione pathway is the primary anti-oxidant defense mechanism in response to decreased iron availability.
We also observed an apparently non-photosynthesis-related effect of iron deficiency/limitation. Four components of the SAM synthesis pathway-5,10-methylenetetrahydrofolate reductase, cobalamin-independent methionine synthase, serine hydroxymethyl transferase isoform 2, and S-adenosylhomocysteine hydrolase (Cre03.g204250)-were decreased under iron-limited conditions by small but statistically significant amounts. The effect of iron nutrition on SAM metabolism might be based on the activity of adenosylmethionine-dependent Fe 4 S 4 cluster proteins. One such Fe 4 S 4 cluster protein is biotin synthase, the transcripts of which are known to be reduced under iron deficiency in Saccharomyces cerevisiae. The decrease in biotin synthase transcripts is accompanied by an increase in VHT1, encoding for a high-affinity biotin transporter, presumably as a mechanism of iron sparing (66) . Additionally, other adenosylmethionine-dependent Fe 4 S 4 cluster proteins such as pyruvate formate lyase activase, fumarate-nitrate reductase, and others described by Cheek and Broderick (67) may be affected in a similar way. Thus, the possibility exists that iron deficiency might result in a loss of many such iron-sulfur proteins and consequently a reduction in the need for SAM. Unfortunately, we did not detect any radical SAM proteins in our dataset to validate this theory.
Zinc Responsive Proteome-Cells were grown (photo)heterotrophically in TAP medium in triplicate cultures, and their zinc content was reduced by two transfers into growth medium with no supplemental zinc (referred to as first and second "rounds," respectively). This process reduces the internal zinc content to 33% relative to zinc-replete cultures.
2 By analogy to the studies on iron and manganese deficiency, cells from the first round are more mildly deficient than are cells from the second round, with the more depleted Zn cultures showing evidence of a stress response. Therefore, we used protein samples from the first round of growth in zinc-poor medium to distinguish the primary targets. The reduced growth rate of such cultures shows that even a single transfer into zinc-depleted medium is sufficient to disrupt normal cell function and thus trigger a zinc deficiency response (Fig.1C) .
Carbonic anhydrases constitute a major group of proteins that bind zinc. The classical function of the carbonic anhydrases is to interconvert CO 2 and bicarbonate to facilitate CO 2 assimilation for carbon fixation, and a subclass of these proteins is involved in the CCM, which enables photosynthetic growth under limiting CO 2 conditions (68, 69) . Of the 12 predicted carbonic anhydrases, only 3 were detected in our dataset: Cah1 (Cre04.g223100), Cah3 (Cre09.g415700), and Cah8 (Cre09.g405750). Cah1 was detected at 171 Ϯ 81 zmol/ cell in zinc-replete growth conditions but was not recovered under zinc deficiency (Table IV and supplemental Table S3 ). Previous work showed that cah1 null mutants in Chlamydomonas do not exhibit severe growth phenotypes, even under low CO 2 growth conditions (70) . Therefore, carbonic anhydrase 1 is a dispensable enzyme and, as an abundant enzyme, would make a good target for degradation if the cell were to scavenge intracellular zinc for recycling and redistribution (22) . In contrast to Cah1, Cah8, which was recently characterized (71), was detected in zinc-deficient cells but not in zinc-replete cells (supplemental Table S3 ). Cah3 was detected, but its abundance did not change significantly in response to zinc nutrition.
We also observed three proteins that were detected in zinc-deficient proteomes but were not detected under zincreplete conditions (supplemental Table S3 ). Each protein was detected at levels near the upper end of the dynamic range of our study (over 1,000 zmol/cell). These three proteins do not have a known function; one is unannotated (Cre07.g352000), and the other two are COG0523 domain-containing proteins (named Zcp1 and Zcp2, for zinc-responsive COG0523 domain-containing proteins). Although ZCP1 (117458) and ZCP2 (Cre02.g118400) transcript abundances were previously shown to be increased with zinc deficiency, this is the first report of a corresponding change in protein abundance dependent on zinc levels. The increase in Zcp2 abundance was confirmed in independent experiments via immunoblot analysis (Fig. 5) . The function of COG0523 domain-containing proteins is not well understood, although members of this family are involved in cobalamin biosynthesis, activation of an iron-containing nitrile hydratase, and the bacterial zinc deficiency response (21, 72, 73) . Despite the apparent diversity of functions carried out by COG0523 proteins, all known functionalities are related to metal metabolism (21) .
Interestingly, 2-fold abundance increases (on average) for 14 redox proteins with zinc deficiency were detected (supplemental Table S3 ). Of special interest is thioredoxin 5 (Cre09.g391900), which is undetectable in zinc-replete cells but accumulated to 22 zmol/cell in zinc-deficient cells. Several targets of thioredoxin 5, identified by Lemaire et al., are also affected by zinc deficiency (31), including Icl1, Acs3, Gln2, ferredoxin, and Rpn12 (Table VII) . Although some are increased and others are decreased, precluding a more precise explanation, it is interesting that so many thioredoxin 5 interacting proteins are affected. It was suggested that thiore-doxin 5 might play a role in the insertion of the iron-sulfur cluster into ferredoxin (31) . Indeed, this is supported by 3-fold increases in ferredoxin levels and increases in several ferredoxin interacting proteins, ferredoxin-NADP ϩ reductase, ferredoxin thioredoxin reductase, and ferredoxin-sulfite reductase (Cre11.g476750, Cre03.g193950, Cre16.g693150; supplemental Table S3) .
Several CRR1-controlled responses were observed to be affected by zinc deficiency, albeit to a lesser extent than what was observed with copper-deficient cells (Table VI) . These responses include a decrease in plastocyanin, an increase in coprogen oxidase, and an increase in Cgl78 (Table IV, Figs. 1  and 5 ). We also detected Ctr3, a soluble member of the Chlamydomonas CTR3 family, in the zinc-deficient samples, but at low abundance (16 zmol/cell) (11) . In addition to the CRR1-controlled responses, additional signs of copper deficiency were observed. Pyruvate phosphate dikinase 1, for example, is increased in zinc deficiency, as it is in copperdeficient cells (supplemental Tables S1 and S3 ). Two of the components of the anaerobically controlled fermentative pathway discussed previously, Adh1 and Pfl1, were increased in this dataset as well. Other proteins in this pathway (Pat2 and Ack2) did not show any change under zinc deficiency. Lastly, two out of three prolyl 4-hydroxylases (Phx18 and Phx7) that increased with copper deficiency (supplemental Table S1 ) were also increased with zinc deficiency (from an undetectable amount in zinc-replete cells to 30 zmol/cell and 11 zmol/cell, respectively, in zinc-deficient cells).
Manganese Responsive Proteome-Three growth conditions were examined in the manganese study. In addition to the replete (2 M supplemental Mn) and deficient (0 M supplemental Mn) conditions described previously (20), we examined the proteome of cells grown in 0.05 M supplemental Mn (Fig. 1D) . Based on preliminary fluorescence induction and decay kinetics measurements, it is suggested that PS II is still functional with 0.05 M Mn, although to a decreased extent relative to the Mn-replete conditions (data not shown). This phenotype is reminiscent of the iron deficiency situation (18) , and the examination of this intermediate Mn level might help reveal early primary responses.
In Chlamydomonas, iron deficiency results in various biochemical changes such as the accumulation of assimilation factors like Fea1 and ferroxidase. Only after cells become iron limited are the dramatic effects on photosynthesis (described in brief above) observed. Similar to this, manganese deficiency induces changes to the proteome before the complete loss of photosynthetic function. Several examples of proteins significantly increasing or decreasing in the 0.05 M Mn condition relative to the replete situation were observed (supplemental Table S4 ); subunits of the 20S proteasome increase 
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(vide infra), whereas MnSOD isoform 1 is decreased, as noted previously (20) . Manganese is abundant in the photosynthetic apparatus and in MnSODs; accordingly, these are the primary targets of nutritional manganese deficiency and limitation (20) . Manganese-limited cells cannot grow photoautotrophically and are growth inhibited in photoheterotrophic conditions. This is likely to be a consequence of an overall decrease in photosynthesis quantum efficiency. At the biochemical level, components of the oxygen evolving enhancer complex were found to disassociate from chloroplast membranes, most likely due to the absence of the manganese cluster (20) . MnSOD activity also decreases as manganese levels in the growth medium are decreased. Each of these results is supported by the proteomics data (Table IV) .
It is also important to note that photosynthetic activity, lost in manganese limitation as measured by room temperature chlorophyll fluorescence induction kinetics, is quickly recovered (within ϳ1 h) upon the addition of supplemental manganese to the growth medium. The addition of chloroplast protein biosynthesis inhibitor chloramphenicol also did not prevent PS II recovery (20) . These lines of evidence suggest that most of the photosynthetic apparatus remains intact under conditions of manganese deficiency. Accordingly, we observed very little change in the levels of proteins involved in photosynthetic function with manganese deficiency (supplemental Table S4 ). The components of multiple protein complexes related to metabolism were increased in manganesedeficient and manganese-limited cells relative to the replete situation (supplemental Table S4 ). These include the 20S and 26S proteasomes and the T-complex chaperonin. Specifically, seven subunits of the 20S proteasome (Poa1, Poa2, Poa3, Pob3, Poa4, Poa5, and Poa7, which correspond to Cre17.g705400, Cre08.g373250, Cre10.g418100, Cre01. g030850, Cre17.g724350, Cre14.g619550, and Cre10. g424400, respectively), three subunits of the 26S proteasome (Rpn7, Rpn9, and Rpn12, corresponding to Cre13.g581450, Cre15.g644800, and Cre17.g708300, respectively), and four protein subunits of the T-complex chaperonin (Cct1, Cct2, Cct5, and Cct8, corresponding to Cre10.g439100, Cre09.g416750, Cre03.g156750, and Cre03.g168450, respectively) were increased. Increasing proteasome levels suggest an overall increase in the amount of proteolysis occurring in manganese-deficient cells, possibly due to increased levels of oxidative damage, as the proteasome is known to act on oxidized proteins (74) . Previous studies have shown that manganese-deficient cells are more sensitive to H 2 O 2 treatment than are cells grown in manganese-replete conditions, and that several oxidative stress response genes were up-regulated (20) . Interestingly, whereas several of the 20S proteasome subunits can be detected in 0.05 M Mn, none of the 26S proteasome subunits was detected until the 0 M Mn condition, suggesting that the accumulation of the 20S proteasome precedes the accumulation of the 26S proteasome complex. The T-complex, which acts as a protein chaperone for a variety of cytosolic proteins, may be up-regulated either as a response to this increasingly proteolytic environment or to protect proteins from the proposed increase in oxidative damage (75) .
Under manganese-deficient growth conditions, we also observed a reduction in importin-␣ isoform 1 and importin-␤ isoforms 1 and 7 (supplemental Table S4 ). These proteins were detected at 46, 23, and 21 zmol/cell, respectively, under replete conditions but were undetectable under manganese limitation. The importin complex comprises two soluble subunits that help deliver large molecules to the nuclear pore complex and is involved in signaling events. Thus, it is possible that manganese-limited cells might have some signaling defects. For example, studies of Arabidopsis mutants of MOS6 (a plant importin-␣ protein) and SAD2 (an importin ␤ family member) show enhanced susceptibility to pathogens and abscisic acid stress, respectively (76) .
COP I Coat Proteins Are Increased in All Four
Metal Deficiency Conditions-Responses common to the four different trace metal deficiencies examined in this study included an increase of several subunits of the non-clathrin coat (COP I) protein complexes (Table VIII) . These coat proteins are involved in retrograde trafficking between the Golgi apparatus and the endoplasmic reticulum. Across the various micronutrient experiments, we observed that all the COP I proteins showed increased abundance in two or more deficiency conditions, with the only decrease in abundance observed being for CopD1 in the zinc deficiency condition The increase of COP I subunit proteins may be attributed either to increased and protein data showed a moderate correlation ( ϭ 0.28 for copper-replete and ϭ 0.30 for copper-deficient cells). Given that the dynamic range of the proteomics study (3 to 4 orders of magnitude) is significantly less than that of the transcriptomics study (roughly 5 to 6 orders of magnitude), the lowto-moderate correlation is likely due to the limited dynamic range of the proteomics study. With over 15,000 genes in the Chlamydomonas genome and ϳ12,300 soluble proteins estimated (using TMHMM), only 23% of all gene products were detected and quantified. Our transcript-protein correlation estimates agree with other studies of other organisms ranging from E. coli and yeast to mouse and human (52, 53, (77) (78) (79) (80) . Our analysis also suggests that this overall correlation does not change depending on the nutritional state. Therefore, RNA abundance is a moderate predictor of protein abundance as it is in other organisms.
However, changes in RNA abundance are good predictors of changes in protein levels. In cases in which the transcript showed a significant change (identified by Castruita et al. (13) ), the correlation between the transcript and protein abundance was determined to be fairly strong ( ϭ 0.73). Thus, for Chlamydomonas, significant changes in RNA abundance can denote a complementary change at the protein level. In other words, changes in RNA abundance can serve as a reliable predictor of changes at the protein level. Studies on yeast, corn, and Drosophila further support this notion (53, 81, 82) .
Despite this correlation, changes in RNA abundance do not always result in corresponding changes in protein levels, especially in cases in which RNA abundance is decreased. In a recent study on yeast, the decrease in RNA abundance showed poor correlation with changes in the protein abundance (81) . This is because protein half-life, a key factor that determines the magnitude of a response with respect to protein abundance, is independent of RNA abundance (83) . A decrease in RNA abundance can prevent the synthesis of new protein, but it does not impact preexisting protein. Changes in protein levels then become evident only if proteolysis is induced in parallel.
Some changes in protein amount cannot be explained by changes in transcriptome levels, such as those of proteins whose half-lives are changed (e.g. by ubiquitination or induced proteolysis) or when rates of synthesis are changed by mechanisms operating at the translational level. Some excellent examples include plastocyanin in copper-deficient Chlamydomonas and carbonic anhydrase in zinc-deficient cells (84) . Additionally, only 60% of protein changes in yeast are explained by changes in the transcript (81) , studies in Drosophila showed only a 30% overlap in significant changes at both protein and transcript levels (53) , and work in mice estimates that only 43% of changes to the protein are directly based on changes to the transcriptome (77) . This is also true for Chlamydomonas, as many of the protein changes observed were not accompanied by significant changes in the corresponding transcripts (13) . Despite this, transcriptomics can still serve as a strong predictor of changes at the protein level, as the correlation between changes in transcript and protein abundance is high.
Putative Oxidative Stress Responses with Metal DeficiencyAmong the four metal deficiency/limitation conditions tested, only iron and zinc deficiency appeared to result in an oxidative stress response. Copper-deficient cells did not show clear trends with regard to oxidative stress responses and did not display visible stress phenotypes such as reduced growth or changes in pigmentation. In manganese deficiency, reduced MnSOD activity is apparent (20) , but there is no compensatory response known.
In both iron and zinc deficiency, there are clear indications of a global oxidative stress response. With iron deficiency, this is observed via up-regulation of the ascorbate-glutathione pathway, whereas the response appears to be much less focused on a single pathway in zinc deficiency. Much of the iron-deficiency-induced stress response is focused on the prevention of superoxide damage, likely generated from PS I activity. This observation supports previous reports that the major detoxification pathway for PS I is the ascorbate-glutathione pathway (64) . For zinc-deficient cells, the abundance of 14 different redox proteins increased, and many of these proteins are implicated in oxidative stress defense but show no other common metabolic associations. One of the redox proteins that increases in zinc-deficient cells is thioredoxin 5, which has been shown to be induced by metal stress (Hg and Cd) but not in response to oxidative stress generators, suggesting that metal-deficiency-induced stress might be occurring in the cell. Indeed, zinc-deficient cells tend to hyperaccumulate several metals including copper, iron, and manganese. 2 The Effect of Metal Deficiency on Photosynthetic Function-Each of the metals selected for this study is linked to photosynthetic function (2) (3) (4) . Some of the metal-deficiency effects found in the proteomics data were expected and represent known responses. For example, copper deficiency resulted in the loss of plastocyanin and accumulation of cytochrome c 6 , and zinc-containing carbonic anhydrase isoform 1 was decreased under zinc deficiency (Table IV) . The proteomics results for iron-and manganese-related growth conditions, however, reveal differences in how photosynthesis is affected in metal-deficient Chlamydomonas.
Previous reports showed that Chlamydomonas cells remodel their PS I complexes (17, 18, 62) and show a reduction of photosynthesis-related proteins in iron-limited conditions (Fig. 5) (48) . Although there is no clear reason for reducing the amounts of the soluble photosynthesis-related proteins, it is possible that these are degraded as a side effect of increased proteolysis under iron limitation. For example, the abundance of thylakoid membrane proteins was reduced as a result of induced proteolysis (18) , and we observed increases in the abundances of four proteases in iron deficiency/limitation (supplemental Table S2 ).
In contrast to iron-limitation responses, manganese-limited cells did not show a widespread loss of photosynthesisrelated proteins. This offers an explanation for the disparity in photosynthetic recovery time after metal supplementation. Previous work showed that although both metal-limitation conditions resulted in a loss of photosynthetic activity, cells previously under manganese limitation recovered photosynthetic function in less than 1 h after the addition of manganese (20) , whereas recovery from iron limitation required up to 2 days (17). Our results suggest that much of the photosynthetic apparatus is intact under manganese limitation.
Interconnection between Metal-deficiency Conditions: Copper and Zinc-In Chlamydomonas, we have previously noted a connection between copper and zinc metabolism (10) . Specifically, the copper-sensing transcription factor CRR1 is involved in zinc homeostasis. Cells carrying a version of CRR1 lacking a C-terminal Cys-rich region hyper-accumulate zinc. This coincides with the mis-expression of ZRT genes that are normally expressed only in copper-deficient cells. In this work, we document another interaction between zinc and copper nutrition (Table VI) . Many of the gene products that are up-regulated in copper deficiency are also up-regulated with zinc deficiency. This suggests either that zinc deficiency causes copper deficiency or that genes corresponding to these proteins are direct targets of the zinc regulon. The fact that plastocyanin levels were decreased with zinc deficiency (Table VI) , despite the presence of adequate copper in the growth medium, suggests that the cells must have been internally copper deficient; previous study has shown that intracellular copper is required for holoplastocyanin accumulation (84) . In addition, some of the changes in protein abundance observed in zinc-deficient cells mimic responses in copper-deficient cells that are not CRR1 controlled.
Covariance of Cgl78/Ycf54 with Cpx1 Hints at Functions Related to Tetrapyrrole Biosynthesis-CGL78, known as YCF54 in Synechocystis 6803 and as AT5G58250.1 in Arabidopsis, is a recently identified gene that is highly conserved but of unclear function. Its transcript is highly abundant in copper-deficient cells, where it accounts for about 0.1% of the total mRNA, making it one of the most highly expressed genes in the cell (13) . CGL78 was also shown to be a target of the CRR1 transcription factor. Based on co-expression studies with coprogen oxidase, it was suggested that Cgl78 might play a role in chlorophyll metabolism or be involved with chlorophyll binding proteins (13) . A recently published work in fact showed that Synechocystis 6803 Ycf54 is necessary for the function and stability of the aerobic oxidative cyclase in chlorophyll biosynthesis (85) . Given that the cyclase requires at least three subunits including a soluble component, perhaps Cgl78 is one of the subunits.
Our quantitative proteomics data acquired from several growth conditions support the co-expression of Cgl78 with coprogen oxidase. The two proteins increase or decrease similarly with the different conditions. Immunoblot analysis of the copper samples best shows the dramatic change in Cgl78 abundance (Fig. 5) . We also examined our proteomes for other CGL gene products that might also show covariance with coprogen oxidase. CGLs are those genes that are conserved in green lineages and were originally identified via comparison of the Chlamydomonas genome to the genomes of several other green photosynthetic organisms using a mutual BLAST hit strategy (86) . The only other CGL protein identified in each of the four metal conditions was Cgl30, whose abundance did not change as a function of metal deficiency (Fig. 7) . This suggests that Cgl78 function is tied to the tetrapyrrole pathway, but that CGL proteins in general are not.
Enzymes of the SAM Synthesis Pathway are Affected by Several Metal-deficiency Conditions-In Chlamydomonas, SAM is produced via the methionine synthesis pathway, in which a homocysteine precursor is converted to methionine via the activity of either a cobalamin-dependent methionine synthase encoded by METH or a cobalamin-independent methionine synthease encoded by METE. Because cobalamin was not supplemented into the medium, we expect that the cobalamin-independent synthase pathway will be utilized, especially given its average abundance of 1,529 zmol/cell. In the cobalamin-independent synthase pathway, 5-methyl tetrahydrofolate provides a methyl group to homocysteine to produce methionine. The 5-methyl tetrahydrofolate is regenerated from tetrahydrofolate from the stepwise activity of serine hydroxymethyltransferase and 5,10-tetrahydrofolate reductase. An adenosyl group is then added to methionine by SAM synthase to produce SAM, which in turn is utilized by various methyltransferases. The by-product of methyltransferase re- FIG. 7 . Cgl78/Ycf54 abundance shows covariance with coprogen oxidase among multiple growth conditions. Cgl30 is shown as a control. Coprogen oxidase abundance is represented by triangles, Cgl78 is represented by circles, and Cgl30 is represented by squares.
actions is S-adenosylhomocysteine, which can be converted back to homocysteine by S-adenosylhomocysteine hydrolase encoded by SAHH.
The abundances of many of the enzymes of this pathway are decreased by both iron and copper deficiency/limitation. Under copper and iron deficiency/limitation conditions, cobalamin-independent methionine synthase and 5,10-tetrahydrofolate reductase were decreased. In addition, iron-limited cells showed decreases in S-adenosylhomocysteine hydrolase and the major serine hydroxymethyltransferase, isoform 2. We measured a 3-fold increase, however, in serine hydroxymethyltransferase isoform 1 under copper deficiency, but this likely has little impact on the pathway, as isoform 1 is a minor isoform that accumulates to levels roughly 10% of that of isoform 2 under metal-replete conditions. Zinc-deficient cells showed an approximate 2-fold increase in 5,10-tetrahydrofolate reductase, but no change in any other SAM synthesis proteins was observed. Manganese limitation appeared to have little or no effect on the levels of these proteins. Therefore, the decrease of multiple SAM synthesis proteins appears to be a response specific to copper and iron deficiency/limitation.
The effects of metal deficiency/limitation on the enzymes of this pathway are potentially important, in part because many of these proteins appear to be highly abundant. S-adenosylhomocysteine hydrolase, methionine synthase, 5,10-tetrahydrofolate reductase, and the major serine hydroxymethyltransferase are each present at levels of around 200 zmol/cell, which would place these proteins in the top 100 most abundant proteins in our dataset from all nutritional states. Additionally, the transcripts encoding enzymes of the pathway are also highly abundant at the transcript level. Both SAH and METM (which encodes SAM synthase) transcripts are consistently within the top 200 most abundant transcripts among multiple growth conditions (87) .
Increases in the Levels of COP I Subunits Show a Common Metabolic Link between Metal Deficiency Conditions Tied to
Lipolysis-For each of the metal deficiency/limitation conditions tested, we observed a general trend that the abundance of several members of the COP I complex increased. Studies in mice and Drosophila both showed that RNAi knockdowns of any of the individual COP I subunits, with the exception of COPE, caused an over-accumulation of lipids. As a result, it was proposed that an inability to form the COP I complex inhibits normal rates of lipid degradation (88) . The relationship between lipid metabolism and the COP I complex is supported in Chlamydomonas by the detection of several COP I complex subunits in the major lipid droplet and the putative regulator of the complex, ARF1a (88 -90) .
Two explanations exist for the increased abundance of the COP I subunits observed under various metal deficiency conditions. First, increases in COP I protein subunits might be caused by additional de novo synthesis of the proteins. Alternatively, increases in COP I proteins might result from a relocation of the proteins from lipid bodies into the cytosol, similar to the effect observed with Oee dissociating from the thylakoid membrane under manganese deficiency. In the former case, the result suggests an increased production of vesicles in the cell, perhaps to allow for trafficking of metal transporters through the secretory pathway. In the latter case, the loss of COP I proteins from the vesicles might denote inhibition of vesicle-mediated processes such as lipolysis.
